ABSTRACT: A series of β,β-dihydroxychlorins derived from meso-tetraphenylporphyrins (TPPs) have been synthesized. Their in vitro cytotoxicity has been measured and compared to BPDMA (verteporfin). Under the assay conditions BPDMA had an LD 50 (lethal dose to kill 50% of cells) value of 0.007 μM (5 ng/mL). The LD 50 values for the TPP derivatives varied from 1.7 × 10 -2 to 9.9 μM depending upon the substituents and their position on the phenyl groups. One example of the dihydroxychlorin prepared from unsubstituted 5,15-diphenylporphyrin was examined and this exhibited an LD 50 of 2.4 × 10 -3 μM!
INTRODUCTION
The search for effective photosensitizers requires a two-pronged approach. The optimization of photophysical properties is key to any promising drug as the compound must absorb at long wavelengths (600-800 nm) and have the ability to generate singlet oxygen. The development of photosensitizers requires a synthetic method that can generate a number of analogs with ease. Compounds must also display good biodistribution properties in order to be effective. The correlation between the biodistribution of photosensitizers and their structure is complex [1] and this complexity is increased with hydrophobic molecules which must be formulated into a suitable transport system such as liposomes, emulsions or nanoparticles. The delivery systems of these drugs are crucial and have been a key obstacle in photodynamic therapy (PDT). The formulation of the drug complicates the situation in that it may drastically affect both the rate and the amount of drug taken up by cells [2] . In the early 1980s, ortho-, metaand para-isomers of meso-tetra(hydroxyphenyl)-porphyrin (mTHPC, Temoporfin, Scotia) were investigated for use as photosensitizers [3] . In order to increase the absorption in the red region, the analogous chlorins and bacteriochlorins were synthesized [4] . Tetra(m-hydroxyphenyl)chlorin was chosen as the most suitable for clinical trials and was found to be 25-30 times more effective than hematoporphyrin derivative (HpD) in destroying tumors as observed by in vivo bioassays with an LD 50 of 3 mg/kg [5] . This chlorin showed 90% tumor necrosis with only 10% recurrence, but side effects such as extended skin sensitivity, severe chest pains and loss of appetite were also observed.
In 1940 Fischer and Eckoldt reported on the oxidation of some naturally occurring porphyrins with OsO 4 giving vic-dihydroxychlorins [6] ; more recently the oxidations of octaethylporphyrin [7, 8] and corrins [9] have been reported. Chang and his colleagues have prepared a variety of dihydroxychlorins [10] prepared from octaethylporphyrins and have examined in detail the biodistribution and PDT efficacy of ketochlorins obtained by an acid catalyzed pinacol rearrangement [10] . Bonnett and his colleagues [11, 12] have observed that similar dihydroxy chlorins and bacteriochlorins possess marked PDT activity. Pandey et al. [13] have prepared dihydroxy bacteriochlorins obtained from chlorophyll a via OsO 4 oxidation. In this study it was found that the corresponding rearranged ketochlorins were photodynamically more active.
Our group has previously reported on the β,β-dihydroxylation of meso-tetraphenylporphyrins and meso-tetraphenyl chlorins via osmium tetroxide mediated oxidation [14, 15] . Oxidation of mesotetraphenylporphyrin (1) or its metallated analogs occurred in a solution of chloroform or methylene chloride with a stoichiometric amount of OsO 4 in the presence of pyridine. After stirring at room temperature for 3 to 5 days in the dark, reduction of the osmate complex with gaseous H 2 S yielded the previously unknown 2,3-vic-dihydroxy-mesotetraphenylchlorin (2) or its metallated analog in ~50% yield with ~40% starting material recovery (Scheme 1). The resultant meso-substituted vic-diols displayed unexpected stability with dehydration and rearrangement occurring only under harsh conditions.
The osmium tetroxide reaction presents many potential benefits. It is a one-pot, two step synthesis with high yields. The use of tetraphenylporphyrins as starting materials has a great advantage as these are some of the most readily accessible synthetic porphyrins. The number and nature of substituents on the phenyl groups can easily be varied and, therefore, the pharmacokinetics of potential pharmaceuticals can be adjusted to meet the requirements of different, specific physiological situations.
Using this reaction, a library of compounds was created (Table 1) . These chlorins absorb at ~640 nm. The second requirement, which is of critical importance, is the selectivity of the drugs for tumor tissue over healthy cells. This was systematically addressed because the biodistribution of the drugs is drastically affected by their amphiphilicity [1] . The rationale for the project was that an analysis of a series of related photosensitizers might lead to a better understanding of the factors involved in photosensitizing ability. By keeping the basic chromophore constant and varying the substituents on the phenyl rings, a pattern of structure versus cytotoxicity was expected to emerge.
RESULTS

Synthesis of diol chlorins
In a typical experiment, 1.1 equivalent of osmium tetroxide, dissolved in pyridine, was added to a chloroform solution of the tetraphenylporphyrin. The mixture was stirred at room temperature, protected from direct light, for 2 to 96 hours. Upon completion, hydrogen sulfide gas was passed through the solution and the diol purified by chromatography.
Diphenylporphyrin was also oxidized with osmium tetroxide to produce the analogous diphenyl-2,3-dihydroxy-2,3-chlorin (H 2 DPC(OH) 2 ) (21) in the same manner as the tetraphenylporphyrins with the exception that this reaction only requires 3 hours, presumably due to the lack of steric hindrance, as compared to that observed in the tetraphenylporphyrin reaction.
meso 
Preliminary biological test results
Compounds were synthesized at the University of British Columbia and tested at QLT Inc. as part of an ongoing collaboration. All compounds were dissolved in DMSO with the exception of T(p-SO 3 H)PC(OH) 2 (19) which was dissolved in water at a concentration of 0.5 mg/mL and reconstituted BPDMA (24) TETRAPHENYL-2,3-DIHYDROXYCHLORINS AS PHOTOSENSITIZERS which was diluted in media. The solubility of the compounds was tested by placing the drug (1 mg) in 1 mL of DMSO and then spinning at 10000 rpm for 10 minutes followed by checking for pellet formation. The concentration of the compounds that formed a pellet was decreased from 1 mg/mL to 0.5 mg/mL in DMSO and retested to show an absence of pellet. The homogeneous solution was then diluted, to a known concentration for the in vitro studies. Phototoxicity was determined towards L1210 cells in the presence of the compound as previously described [22] . The L1210 cells were exposed to varying concentrations of the compounds in 96-well microtiter plates for one hour at 37 °C and 5% CO 2 . No fetal calf serum (FCS) was added at this time. The plate was then illuminated for one hour with 10.8J/cm 2 using a broad spectrum fluorescent light after which a 10% aqueous FCS solution was added to the wells. The plates were then returned to the CO 2 incubator overnight. After incubation, the cells were assayed for viability using the MTT assay [16] .
Dark cytotoxicity is defined as the effect of the photosensitizer on the cells without light exposure.
Twenty two compounds which were tested for cytotoxicity are listed in Table 2 in order of increasing LD 50 (μM) (i.e. in order of decreasing photosensitizer As a great deal of information has been gathered concerning tetra(hydroxyphenyl)-porphyrins and their photosensitizing ability [5] , the first group of compounds we chose to analyze was the hydroxy-substituted tetraphenyl diol chlorins as the forementioned are closely related to these compounds (Table 3) .
Several observations can be made based on this series. First, tetra(m-hydroxyphenyl)-2,3-dihydroxychlorin (10) appears to be a much more effective photosensitizer than tetra(p-hydroxyphenyl)-2,3-dihydroxychlorin (9) with LD 50 values of 2.1 × 10 -2 and 4.9 μM respectively. This is not unexpected as tetra(p-hydroxyphenyl)-2,3-dihydroporphyrin has been reported to be 5-6 times more potent than HpD in sensitizing tumors [5] , whereas tetra(mhydroxyphenyl)-2,3-dihydrochlorin was 25-30 times less potent. Interestingly, the ortho-hydroxy isomer was reported to be 12-16 times more potent than HpD but displayed unacceptably high levels of skin sensitization in clinical trials [5] . We have excluded this isomer from our study due to the fact that ortho isomers are a mixture of atropisomers caused by the hindered rotation about the phenyl-porphyrin bond. Not only is tetra(p-hydroxyphenyl)dihydroxychlorin (9) less cytotoxic than the meta-isomer (10) but it is also less cytotoxic than the completely unsubstituted tetraphenyl-2,3-dihydroxychlorin (2) which has an LD 50 of 2.8 μM, indicating that a hydroxyl group in the para-position is detrimental. Also of interest is the fact that the mono para-hydroxy (22) is equally potent as T(m-OH)PC(OH) 2 (10) with an LD 50 of 2.1 × 10 -2 μM. We also observed that T(m-OMe, p-OH)PC(OH) 2 (15) is much more cytotoxic than T(p-OH)PC(OH) 2 (9).
Many structure-activity studies have been performed on hydroxy-substituted tetraphenylporphyrins. In 1994, James et al. reported testing a series of mono-and dihydroxyphenyl substituted tetraphenylporphyrins for toxicity in HeLa cells and human melanoma lines [17] . The dihydroxy porphyrins were found to be an order of magnitude less cytotoxic than the monohydroxy series. An observed increase in solubility of the mono hydroxy-substituted TPPs in 5% FCS led to a study of the absorption spectra in the presence and absence of FCS [15] . In the presence of serum, the monohydroxylated TPPs show increased solubility and displayed an extremely broadened Soret band whereas the dihydroxylated TPPs displayed variable behavior. Soret broadening was observed to decrease in the order
This series follows closely with that of the observed cytotoxicity with increased broadening correlating to increased toxicity. The broadening of Soret bands is believed to be caused by extensive porphyrin aggregation possibly involving protein binding as opposed to simple face-to-face dimerization or specific proteinporphyrin aggregation. The number and placement of hydroxyl groups on the phenyl rings therefore affects the binding of the porphyrin to proteins or other porphyrins. The methoxy-substituted series presented some very interesting data (Table 4) . Again, we observed that the meta isomer (13) is much more cytotoxic than the para isomer (12) -2 μM) and the m-methoxy diol chlorin (13) . Comparison of the methoxy versus the hydroxy substituted tetraphenyl-2,3-dihydroxychlorin series provided more information about the structureactivity relationship of these compounds (Table 5) .
First, as already noted, the meta isomers of both the hydroxy and methoxy diol chlorins are more cytotoxic than the analogous para isomers which are both less toxic than the unsubstituted diol chlorin. Secondly, the hydroxy series is more cytotoxic than the methoxy series for all isomers investigated. Also interesting to note was the fact that T(m-OMe, 2 (15) was found to be much more cytotoxic than either T(m-OMe)PC(OH) 2 (13) or T(p-OH)PC(OH) 2 (9) .
p-OH)PC(OH)
Investigation of the alkylated diol chlorins (Table  6 ) reveals that alkyl groups on the phenyl rings are detrimental to the observed cytotoxicity of the compounds as all have LD 50 values much higher than the fully unsubstituted diol chlorin (2) . The paratert-butyl diol chlorin (20) , having LD 50 = 6.9 μM, is the most active of this series followed closely by para-methyl diol chlorin (17) , LD 50 = 9.9 μM, and then by o,p,o-trimethyl diol chlorin (18) with LD 50 = 12 μM. We observed that all of the halogenated diol chlorins are less photo-cytotoxic to L1210 cells than the unsubstituted H 2 TPC(OH) 2 (2) ( Table 7) .
Within the fluorinated series, the ortho-substituted compound (7) is more toxic (LD 50 = 4.2 μM) than the meta-fluoro diol (6) (LD 50 = 6.9 μM), but both are considerably less toxic than either H 2 TPC(OH) 2 (2) or the pentafluorinated diol chlorin (8) which have LD 50 = 2.8 and 1.8 μM respectively. Within the brominated series, the meta-isomer (5) is more cytotoxic (LD 50 = 4.2 μM) than the para-isomer (4) (LD 50 = 6.2 μM.
Focusing solely on the halogenated diol chlorins, our findings are in agreement with previously published data from studies of halogenated tetraphenylporphyrins [18] [19] [20] [21] . In these studies, it was concluded that both the nature and the position of the halogen on the phenyl rings of the TPPs affect the photophysical properties and the singlet oxygen yield of the potential photosensitizer [16] . The quantum yield of singlet oxygen formation by halogenated tetraphenylporphyrins is documented to increase in the following order: T(p-F)PP (0.65) < T(p-Cl)PP < T(p-Br)PP < T(p-I)PP (0.97). This increase in quantum yield was rationalized by the strengthening of the spin-orbital interaction in the molecule, which is in agreement with heavy atom perturbation theory. This study also showed that the position of the halogen atom affected the quantum yield of singlet oxygen such that: para (0.71) < meta (0.82) < ortho (0.84) for chlorinated TPPs. Our systems appear to follow the trends noted in studies of halogenated tetraphenylporphyrins, with the brominated diol chlorins being more photo-cytotoxic than their fluorinated analogs and within one series, the ortho-isomers being more potent than the meta which, in turn, are more potent than the para-isomers. Despite our observation of these trends, which have been attributed to differences in the quantum yield of singlet oxygen, all of our halogenated diol chlorins are less cytotoxic than the unsubstituted diol chlorin (2) (with the exception of the pentafluorochlorin (8)). This indicated that the quantum yield of singlet oxygen may not be the critical factor determining photo-cytotoxicity in our, or any, systems.
DISCUSSION
BPDMA (24, verteporfin), which was recently approved by the FDA for the Visudyne TM treatment of age related macular degeneration, has an LD 50 value of 0.007 μM (5 ng/mL), which is 70 times more potent than HpD and 45 times more potent than Photofrin in sensitizing tumors [23] . With this in mind, we feel that some of our compounds are extremely good candidates for further testing. Five of our compounds are comparably as photo-cytotoxic as BPDMA based on the observed LD 50 values. The most phototoxic compound, diphenyl diol chlorin (21) is extremely phototoxic: three times more potent than BPDMA, 135 times more potent than Photofrin and 212 times more potent than HpD. In the absence of light, the diphenyl diol chlorin (21) showed very little cytotoxicity (10 μM) which was comparable to BPD-MA (> 7 μM) [22] .
The singlet oxygen quantum yield, as exemplified by the halogenated diol chlorin series, appears to have only a minor influence on the observed cytotoxicity of our compounds, and therefore the difference in toxicities could be reasoned to primarily reflect the cellular uptake and intracellular localization of the drugs. A variety of molecular properties have been proposed to be responsible for cellular uptake such as hydrophobicity, amphiphilicity, self-aggregation and affinity to serum proteins. An increase in lipophilicity of a photosensitizer has been found to correlate with an increase in cellular uptake of the drug due to an increase in the degree of binding to LDL [24] . As well, a study investigating watersoluble tetraphenylporphyrins has found a very strong correlation between the hydrophobicity of a porphyrin (as measured by its distribution coefficient between octanol-1 and water, log p) and its uptake in cultured cells [25] . No such correlation could be found for self aggregation or serum albumin binding with cellular uptake in this study. All of the compounds examined in this study are too hydrophobic to have their water-octanol partition coefficient (log P) values determined experimentally (there is simply too little in the aqueous phase to be measured). Nevertheless, log P values may be calculated and correlate well to measured values [26] . Table 2 lists these calculated values and, as expected, there appears to be no correlation between a single physical parameter and a biological effect [1] .
Amphiphilicity has been cited as a highly desirable property of photosensitizers as these have shown improved selectivity [1, 27] . Biodistribution properties of tetrapyrrolic photosensitizers have been found to be influenced by amphiphilicity in the molecule. In particular, the selectivity for tumor tissue over healthy tissue and the rapid excretion of the photosensitizer have been attributed to amphiphilicity, reflected by the compound's water solubility and the partition coefficient between lipid and water phases. As previously discussed, selfaggregation is dependent upon the polarity and the structure of the photosensitizer and is significant in that aggregated molecules are not photoactive [28, 29] . The ability of the photosensitizer to bind to serum proteins is also significant [30] , and this may provide a means of disaggregating the compound in aqueous solution [31] . Without further investigation into these compounds, it is difficult to attribute causes for the observed data. Certain trends in the cytotoxicity of the diol chlorins can be attributed to each of the forementioned factors. The unsubstituted tetraphenyl diol chlorin (2) is not a remarkably cytotoxic compound, with an LD 50 of 2.8 μM and we can conclude that any increase or decrease in cytotoxicity is due to the presence of the substituents on the phenyl rings. We have observed that meta isomers are more cytotoxic than the analogous para isomers for all cases studied. This phenomenon has previously been observed [5, 17, 20] . In many cases in our study, a single substituent in all four of the para positions is actually detrimental to the observed cytotoxicity of the compound (eg. T(p-OH)PC(OH) 2 (9)). One study proposed that the optimum distance between the hydrophilic functions on the hydrophobic porphyrin skeleton is 12 Å -the approximate distance between meta substituents on the phenyl rings of TPPs-based on the fact that tubulin, which might be a principal site for photoinactivation, is present in appreciable amounts during mitosis and has binding sites 12 Å apart [32] . We have also shown that, for hydroxy-substituted tetraphenylporphyrins, metasubstituted TPPs bind to proteins of FCS better than the para-substituted TPPs and that this appears to be reflected by the greater cytotoxicity of the metasubstituted compounds. Moreover, the alkylated diol chlorins all possess para-alkyl substituents and were found to show very little cytotoxicity (Table 6 ). This may be due to self-aggregation which would form a highly hydrophobic cluster.
Based on our results, the degree of hydrophobicity and amphiphilicity also appear to be important factors in the cytotoxicity of our compounds. Whereas the porphyrin skeleton is essentially hydrophobic, the incorporation of the diol into the skeleton confers a degree of amphiphilicity to our compounds. The highly cytotoxic diphenyl diol chlorin (21) differs from tetraphenyl diol chlorin (2) in that it has two fewer hydrophobic phenyl groups thereby increasing the amphiphilicity. Boyle [33] and his colleagues have reported on the synthesis of a number of diphenyl diol chlorins and their conjugation to BSA, but their efficacy as PDT agents was not described.
EXPERIMENTAL
General experimental conditions were as follows. All chemicals were of analytical grade and were purchased from Aldrich Co. Silica gel 60 (Merck) was used for column chromatography. Analytical thin-layer chromatography (TLC) was performed on Merck silica gel 60 plates (fluorescence indicator F 254 ) plates (precoated sheets, 0.2 mm thick). Reactions were monitored by TLC and spectrophotometry. All chemical shifts are given in ppm and are referenced against the TMS signal as internal standard. The infrared spectra were measured with a Perkin-Elmer Model 834 FT-IR instrument. The 1 H-NMR were measured on a Bruker AC-200 spectrometer (200 MHz) or a Bruker WH-400 spectrometer (400 MHz). 13 C-NMR were measured on a Varian XL-300 (75 MHz) spectrometer. The low and high resolution FAB and EI mass spectra were obtained on a AEI MS902 and a Kratos MS50. The UV-visible spectra were measured on a Hewlett-Packard HP 8452A photodiode array spectrophotometer and the data were processed on a microcomputer (CA Kricket Graph III software). Elemental analyses were performed on a Fisons CHN/O Analyzer, Model 1108. L1210 cells (ATCC CCL-219) were obtained from American Type Culture Collection (Rockville, MD).
Singlet Oxygen Generation
1,3-Diphenylisobenzofuran (DPBF) has been used as a chemical quencher to determine the singlet oxygen quantum yields of various potential PDT agents [34] . Monitoring the absorption decay of the absorption band at 415 nm, that of DPBF in DMF, using UV-visible spectrophotometry in the presence of our compounds (2-23) during irradiation with visible light confirmed that they all produced singlet oxygen.
Syntheses
General methods: See Table 8 . The tetraphenylporphyrin (1 g, 1.63 mmol) was dissolved in a solution of 2-10% pyridine in reagent grade chloroform. Osmium tetroxide (450 mg, 1.1 eq) was added to the solution and reaction stirred at room temperature in the dark. The reaction progress was monitored by TLC or UV-visible spectroscopy until no further reaction was observed (3-5 days). The reaction was purged with hydrogen sulfide gas for 10 minutes and then purged with air until the solvent had Yield ( evaporated. The solid was then dissolved in a 10%
